
A0-A0819 EEG REERHCR DABRCNNpQ1/
AQUEOUS TRIFLUORONETNANE SULFONIC ACID FUEL CELLS.(U)
FED 81 M GEORGE OAAK70-78-C 8103

UNCLASSIFIED ERC 6 15 -FN

I. fl9l...f919l
ESol~hhEh
ONEESS~hEE



- 32

- 17 II5 1.4

HiC WP P[ -kllI t l(iP
V N8



ENERGY RESEARCH CORPORATION

1EV EV
ERC-6154-F€

AQUEOUS TRIFLUOROMETHANESULFONIC ACID FUEL CELLS

0FINAL TECHNICAL REPORT

February 1981

Prepared by: D T IC
Michael George MAY 14 1981

Prepared for:

U.S. ARMY MOBILITY EQUIPMENT
RESEARCH AND DEVELOPMENT COMMAND

Fort Belvoir, VA 22060

This document has been approved for public

release and sale; its distribution is unlimited

ENERGY RESEARCH CORPORATION

L&j 3 Great Pasture Road

Danbury, CT 06810

81 5 13 007



ENERGY RESEARCH CORPORATION

NOTICES

Disclaimers

The findings in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of trade names and names of manufacturers in
this report is not to be construed as official Government
indorsement or approval of commercial products or services
referenced herein.

Disposition

Destroy this report when it is no longer needed. Do not
return it to the originator.

Accession For

NTIS GRA&I
DTIC TA,
Unannounced ;
Justii'ic;,t ion_

By . ...

Distribut fl"/

Avallbi't', Coes

y7>
ist .:J.



S CLASSIFICATION OF THIS PAGE (ihen Date Entered)

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM. COR COLT NUMBERERinmlld - Li . 1 2 .~G O V T A C C E S S IO N N O . 1. 7 J l N T 'S C T L G N M E

/- -/ ichael George , DAAK7w-78-C-oI3IA.1f .

S. | PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT PROJECT, TASK

ENERGY RESEARCH CORPORATION ¢ AREA & WORK UNIT NUMBERS

3 Great Pasture Road f-
Danbury, CT 06810

II, CONTROLLING OFFICE NAME AND ADDRESS

DEFENSE LOGISTICS AGENCY, DCASMA, Bridgeport Feb8
500 South Main Street 3. NUMBEROFPAGES

Stratford, CT 06497 52

14. MONITORING AGENCY NAME & ADDRESS(if different from Controllng Office) 15. SECURITY CLASS. (of this report)

U.S. ARMY MOBILITY EQUIPMENT RESEARCH &
DEVELOPMENT COMMAND - " UNCLASSIFIED
Fort Belvoir, VA 22060 f 115s. DECLASSIFICATION/DOWNGRADING

I t9SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report) -

This document has been approved for public release and sale, its distribution

is unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

Approved for Public Release, Distribution Unlimited

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aids It necessary and Identify by block number)

TRIFLUOROMETHANESULFONIC ACID
FUEL CELLS
ELECTROCATALYSTS
OXYGEN REDUCTION
ACTIVITY COEFFICIENTS

20. ABSTRACT (Camtfouo en reverse aid it nenea., and Identify, by block number)

Hydrogen-air fuel cells were successfully operated with 6M TFMSA as the

electrolyte at temperatures as high as 90*C. The fuel cell performance was

enhanced over similarly loaded electrodes in H 3PO4 due to the apparent im-

proved kinetics for the oxygen reduction reaction. A variety of unsupported
and supported Pt electrocatalysts could be effectively utilized. Subscale TFMSA

fuel cells could be operated stably for periods as long as 3000 hours. Evalu-

ation of TFMSA electrolytes in stack configurations was encouraging as accep-
table initial performance levels were demonstrated.-

DD .or. 147 EDITION OF I NOV 6S.I OBSOLETE - 9,
SECURITY CLASSIFICATION OF THIS PAGE (When Deta Entered)



0103F

ENERGY RESEARCH CORPORATION

TABLE OF CONTEN~TS
Page No.

1.0 INTRODUCTION...................................... 1

2.0 TECHNICAL APPROACH............................... 3

2.1 ANALYTICAL PROCEDURES............................ 3

2.1.1 Water Management Problem....................... 3

2.1.2 Identification of Optimum Concentration . 14

2.2 EXPERIMENTAL PROCEDURES......................... 19

2.2.1 Electrode Fabrication......................... 19

2.2.2 Small Single Cell Assembly and Testing ........ 20

2.2.3 Stack Assembly and Testing.................... 21

2.3 RESULTS AND DISCUSSION.......................... 25

2.3.1 Small, Single Cell Evaluation................. 25

2.3.2 Stack Evaluation............................... 42

3.0 CON4CLUSIONS...................................... 48

4.0 RECOMkIENOATIONs FOR FUTURE WORK................. 50

REFERENCES CITED................................. 51

Page No. i



0103F

ENERGY RESEARCH CORPORATION

LIST OF FIGURES

Fig. No. Page No.

1 Vapor Pressures of Pure TFMSA ..................... 8

2 Phase Diagram of TFMSA-Water System at 600C ..... 10

3 Experimentally Obtained Vapor Pressures of
TFMSA Solutions ................................... 12

4 Vapor Pressures of TFMSA-Water Solutions
at 600C ............................................ 13

5 Conductivities of TFMSA-Water Solutions ......... 15

6 Contact Angles of TFMSA-Water Solutions
on PTFE ............................................ 17

7 Type AB Bipolar Plate Design ..................... 23

8 TFMSA 3-Cell Stack (350 cm2 Cell Size) .......... 24

9 Performance of Pt Black Electrodes with
2 mg/cm 2  Pt Loading ............................... 26

10 Performance of Pt Black Electrodes with
4 mg/cm 2  Pt Loading ............................... 28

11 Tafel Plot of 4 mg/cm2 Pt Black Electrode ....... 29

12 Endurance of Pt Black Electrodes ................ 31

13 Endurance of Pt Black Electrodes with Dry Air... 32

14 Endurance of Pt Black Electrodes with
Presaturated Air .................................. 34

15 Performance of Pt on Kocite Electrodes .......... 35

16 Comparison of Electrode Performance in TFMSA
and H3PO 4. .. . . .. . .. . .. .. . .. . .. ... .... .... ..... ... .. 36

17 Endurance of Pt on Kocite Electrodes ............. 38

18 Performance of Pt on Carbon Electrodes .......... 39

19 Endurance of Pt on Carbon Black Electrodes ...... 40

20 SiC Matrix Cell ................................... 41

21 Cell Performance at 900C.......................... 43

22 Performance of TFMSA Stack No. 3 ................ 46

23 Performance of TFMSA Stack No. 7 ................ 49

Page No. ii

* A '*



010 3F

ENERGY RESEARCH CORPORATION

LIST OF TABLES

Table No. Page No.

1 Activity Coefficients and Partial
Pressures at 600C............................ 7

2 Properties of TFMSA-Water Solutions
at 600C..................................... 18

3 TFMSA Stack Components...................... 44

Page No. iii



0103F

ENERGY RESEARCH CORPORATION

1.0 INTRODUCTION

This is the Final Technical Progress Report for Contract
No. DAAK70-78-C-0103 entitled "Aqueous Trifluoromethanesulfonic
Acid Fuel Cells". The work, performed between June 1978 and
October 1980, is summarized within this report.

Phosphoric acid, currently recognized as the most practical
acid fuel cell electrolyte, is preferred since it allows fuel
cells to operate at moderately high temperatures (in the range
of 150 to 200°C). At these temperatures, phosphoric acid re-
sists decomposition and exhibits low volatility characteristics.
Although it is an exceptionally stable electrolyte, phosphoric
acid possesses other characteristics which hinder its applica-
tion in an actual fuel cell. It is not a particularly strong
acid; therefore it has less ionic conductivity than more fully
ionized electrolytes such as sulfuric acid. In addition, the
anion of phosphoric acid is believed to readily adsorb on noble
metal catalysts which impedes the electrochemical kinetics in
the fuel cell. Since the acid fuel cell is nearly always con-
trolled by the rate of oxygen reduction reaction, this suspected
poisoning effect associated with phosphoric acid tends to se-
verely limit its efficiency in the fuel cell.

Various solutions (including some common acids such as sul-
furic and perchloric) which have less tendency to restrict the
kinetics of the electrochemical reactions have been proposed
for use in fuel cells. Many of these acids, however, are sus-
ceptible to decomposition, even at moderate fuel cell tempera-
tures. In 1973, a promising, new family of potential fuel cell
electrolytes was revealed: the perfluoroalkane sulfonic acids. 3

Subsequent studies have suggested that the monohydrate of tri-
fluoromethanesulfonic acid (TFMSA) would be a viable fuel cell
electrolyte since its oxygen reduction reaction was considerably
more enhanced than phosphoric acid's.'

TFMSA, commonly referred to as triflic acid, is sometimes
described as one of the strongest known acids. In the pure
form, however, it is reported to have an extremely low ionic con-
ductivity. 9 The boiling point of the pure acid is only 162 0 C
which indicates that the pure acid would readily vaporize at
moderate fuel cell temperatures. The monohydrate of TFMSA was
initially attractive since it appeared to be a constant boiling
point mixture with a normal boiling point of 2170C. This would
suggest that the monohydrate was a maximum boiling point azeotrope
and subsequently the composition with the lowest total vapor
pressure.

An extensive evaluation of the merits of TFMSA monohydrate
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was conducted during Contract No. DAAK02-75-C-0045, entitled
"New Materials for Fluorosulfonic Acid Electrolyte Fuel Cells".8
During initial evaluation of the monohydrate at moderate fuel
cell temperatures, acid loss from operating cells was very
evident. White fumes, visible in the cell exit gas streams,
suggested that the partial pressure of the pure acid was sig-
nificant with the monohydrate composition. Since the mono-
hydrate was an azeotropic mixture, the vapor phase in equilib-
rium with the monohydrate solution would also have the mono-
hydrate composition. Thus the partial pressures of the pure
acid and water should be in a one-to-one ratio and each equiva-
lent to 50% of the total vapor pressure. Although the mono-
hydrate had the lowest total vapor pressure, it was not the
composition with the lowest acid partial pressure.

The monohydrate was also observed to wet PTFE, the common
acid fuel cell electrode binder and wetproofing agent. This
severely complicated the fabrication of a non-flooding elec-
trode structure. Cells containing the monohydrate also exhib-
ited abnormally high internal resistances which implied the
ionic conductivity of the azeotropic composition was relatively
poor. Conductivity of the monohydrate was later estimated to be
less than 0.03 (ohm-cm)- at 600C. This value compares unfavor-
ably with the ionic conductivity of 100% phosphoric acid at
180°C (.60 (ohm-cm)-1).

Since the monohydrate of triflic acid was not feasible
within a real fuel cell, subsequent emphasis was placed on
evaluating aqueous TFMSA solutions. Aqueous solutions in which
the mole fraction of TFMSA was less than about 0.20 did not
appear to have the same limitations as the monohydrate. The
dilute solutions did not have the tendency to wet PTFE, and
also possessed ionic conductivities at 600C, roughly equivalent
to concentrated phosphoric acid at 180 0C. In addition, the
acid partial pressures were inherently reduced with the dilute
TFMSA solutions, eliminating any short-term acid loss problems.

During Contract DAAK02-75-C-0045, considerable progress
was made in operating Pt black type electrodes in aqueous TFMSA
fuel cells at ambient temperatures. It was generally acknowl-
edged that the fuel cell performance was enhanced over similarly
loaded electrodes operating in phosphoric acid cells at much
higher temperatures. Although the potential for aqueous TFMSA
fuel cells was demonstrated, many problem areas also became
evident. The TFMSA fuel cell was more difficult to operate
than the phosphoric acid fuel cell. There was a aeneral in-
ability to effectively operate cells either at higher than am-
bient temperature or with supported catalyst type electrodes.

Contract DAAK-70-78-C-0103 represents an effort to overcome
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some of the difficulties previously identified with aqueous
TFMSA fuel cells. The major objectives are:

" Demonstration of stable performance by effective water
management within continually operating cells.

* Demonstration of stable performance at higher than am-
bient temperature.

" Improved performance with supported catalyst type elec-
trodes.

" Identification of optimum electrolyte concentration
levels.

" Demonstration of stable performance in large (350 cm 2)

multicell configurations.

2.0 TECHNICAL APPROACH

2.1 ANALYTICAL PROCEDURES

2.1.1 Water Management Problem

Although very promising initial performance levels were
demonstrated for aaueous triflic acid fuel cells during Con-
tract DAAK02-75-C-0045, difficulties were encountered in main-
taining cell stability for long operational periods. Since
continually functioning cells produce significant amounts of
product water at normal current densities, operation at ambient
temperatures necessitated passage of abnormally high air flows.
Decay was evident in all cells although, in some cases, initial
performance could be restored by changing the cell operating
parameters. Much of the cell decay appeared to be related to
increased electrode diffusional losses (flooding) as increased
oxygen gains generally occurred. The electrode flooding prob-
lem probably was created by electrolyte concentration changes.
It could be rationalized that electrode flooding would occur
if the original acid was either diluted or concentrated to any
degree. Acid dilution would greatly increase the volume of
electrolyte present in the electrode structure while acid con-
centration would adversely affect the wetting characteristics
of the electrolyte on PTFE. The cell water balance problems at
room temperature were compounded by attempts to operate aqueous
TFMSA cells at higher temperatures (60 to 700C). Since the
partial pressure of water increased significantly from ambient
temperatures to 700C, the aqueous TFMSA fuel cell was prone to
electrolyte dryout. In some cases the acid concentration pro-
bably reached to nearly the monohydrate composition level pre-
viously shown to be very undesirable.
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The water balance factor became more complicated due
to the lack of reliable vapor pressure data for TFMSA solu-
tions. The available data showed inconsistencies between
different investigators and generally was not at the concen-
trations of interest. Attempts were unsuccessful to cor-
relate the available information into a meaningful estimation
of water partial pressure as a function of acid concentration
and temperature.

An analytical technique was finally utilized to predict
the vapor pressures of various TFMSA solutions. The technique
involves calculation of activity coefficients which essentially
measure the deviations from ideal behavior of each component
within the binary solution. The van Laar equations were uti-
lized to determine the activity coefficients at various concen-
trations. Knowledge of the vapor pressure relationships of the
two pure components (as well as the boiling point and composi-
tion of the azeotropic mixture) was utilized to derive the van
Laar equations.

The van Laar equation is an empirical relationship which
is thermodynamically consistent with the Gibbs-Duhem equation.
It expresses a relationship between the activity coefficient
(-y) for a component in a binary solution as a function of only
the mole fractions (XI, X2) of each component within the solu-
tion. The van Laar equation can be written in the following form.

log y= a
i+ X a 2

R2 b

The two constants, a and b in the van Laar equation, can be de-
termined if the activity coefficients for both components (hi, )-2)
can be estimated at one particular concentration.

Raoult's Law states that the partial pressure of a component
in an ideal solution is the product of the vapor pressure of the
pure component times the mole fraction of that component in the
liquid phase.

TP= P X

For a non-ideal solution such as TFMSA-water mixtures, the
partial pressure deviates from Raoults' Law and is corrected by
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a factor identified as the activity coefficient.

P=yP X

The partial pressure of a component, according to Dalton's
Law, is also equal to the total pressure times the mole frac-
tion of that component in the vapor phase.

P = total Y

The activity coefficient can therefore be expressed as

py = Ptotal Y
P X

The monohydrate of triflic acid is assumed to form a max-
imum boiling point azeotrope. The liqdd and vapor phases for
azeotropes have identical compositions, thus:

X=y

A simple expression for the activity coefficient at the mono-
hydrate composition is therefore:

y = Ptotal
P

The total vapor pressure of the monohydrate is known to be
760 mm Hg at its boiling point (2170C).

The vapor pressure of pure water at 2170C is reported to be
about 16420 mm Hg. 1 7 The vapor pressures of V ure TFMSA have
been reported at the following temperatures.

1620C 760 mm Hg
840C 43 mm Hg
540C 8 mm Hg

An extrapolated value for the vapor pressure of pure triflic
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acid at 217°C could be determined from this data. As shown in
Figure 1, this value was approximately 3600 mm Hg. An activity
coefficient for both triflic acid and water could be calculated
at the monohydrate composition where

(XT X = 0.5)

YT = 760/3600 = 0.2111

YW = 760/16400 = 0.0463

Since a van Laar equation for both TFMSA and water could
be written at the monohydrate composition, the two constants
within the equations could be determined.

a = -5.978
b = -3.027

The following equations were therefore derived for the activity
coefficients of both components as a function of only the solu-
tion composition.

log YT -5.978
(1 +xw _5_0__ 2

.0 27

log Yw = -3.027
1+ Xw -3.027)2

X T  -5.9-7 i

These equations were utilized to calculate the activity
coefficients for TFMSA and water at various solution composi-
tions. These values are summarized in Table 1 over the en-
tire range of possible concentrations. A temperature of 600C
was arbitrarily selected as the elevated temperature of in-
terest to be evaluated under this program. At this temperature:

PT = vapor pressure of pure TFMSA = 12 mm (Figure 1)

P = vapor pressure of pure water = 150 mm
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FIGURE 1. VAPOR PRESSURES OF PURE TFMSA
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The partial pressures of each component at 60*C could
therefore be calculated by the following relationships.

PT = YT PT XT

Pw = yw P w Xw

The total vapor pressure would be the sum of the indi-
vidual partial pressures.

Ptotal T + Pw

The vapor phase compositions could also be determined by:

YT = PT Yw = Pw
Ptotal Ptotal

The partial pressures, total vapor pressure, and vapor
phase compositions for each solution are also reported in
Table 1. It is significant to note from this data that when
the mole fraction of TFMSA in the solution is 0.20 or less,
the mole fraction of TFMSA in the vapor phase is insignifi-
:ant compared to water. This would suggest that acid loss
using dilute TFMSA solutions at 60°C will not be a severe prob-
lem. The low acid partial pressure values, however, cannot be
totally ignored during long-term acid loss considerations.
Also, by this analysis at 600C, the apparent azeotropic com-
position is not exactly at 0.50 mole fraction but rather at
0.565 mole fraction TFMSA. This is the point at which: the
total vapor pressure is at a minimum; and the liquid and vapor
phases have identical values.

The data in Table 1 could be plotted to give a complete
phase diagram of the TFMSA-water system at 60C. As shown in
Figure 2, the upper curve is a plot of the total vapor pres-
sure as a function of the solution composition while the lower
curve shows the total vapor pressure as a function of the vapor
phase composition. The figure illustrates that the azeotropic
composition is at 0.565 mole fraction and that the vapor pres-
sures of dilute TFMSA solutions are essentially composed of
100% water.
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The use of the van Laar technique in conjunction with
aqueous TFMSA solutions may possibly be questioned. The van
Laar equations generally are utilized for systems of non-
electrolytes. By tradition for electrolyte solutions, activity
coefficients for the solute are standardized on an ionic rather
than on a molecular basis. This does not necessarily mean that
electrolytes cannot be considered as undissociated molecules.

12

Activity coefficients for the solute ions are generally expressed
as deviations from ideal dilute solution behavior (Henry's Law)
rather than deviations from ideal solution behavior as utilized
in this report. In other words, the activity coefficient (mean
ionic activity coefficient) is arbitrarily designated equal to
one when the mole fraction of the solute is equal to zero. In
the Raoult's Law sense, the activity coefficient for a component
is equal to one when its mole fraction is also equal to one.

It can be rationalized that at the monohydrate composition
(which serves as a basis for the van Laar derivation), complete
dissociation of the TFMSA molecule may be difficult. This would
require that every single acid molecule must protonate every
single water molecule. The relatively poor conductivity of the
monohydrate may support this hypothesis. The monohydrate has
been shown to have the lowest ionic conductivity for any TFMSA-
water mixture in the range of 0.05 to 0.95 mole fraction.6

In other respects, the TFMSA-water system does appear to
be well suited to the van Laar analysis. The van Laar equations
have been described as being reasonably consistent with experi-
mental data for mixtures of organic liquids and water and in
cases where the two constants (a and b) within the equations do
not differ by more than a factor of two. It has also been
stated that the use of azeotropic data to predict activity co-
efficients is generally meaningful if the azeotropic mole frac-
tion is within the interval 0.3 to 0.7.14 Since the monohydrate
is exactly 0.5 mole fraction, this criteria for validity appears
to have been met.

Although reliable experimental vapor pressure data for aqueous
TFMSA solutions was lacking at the initiation of this program, some
data did become available during the course of this study. American
University obtained the vapor pressure data presented in Figure 3
utilizing an isopiestic technique.7 The experimental data at 600C,
presented as a function of wt% TFMSA, was converted to mole fraction
TFMSA. The experimental and analytical values for total vapor
pressure are compared in Figure 4. At low concentrations, a rea-
sonable correlation existed between the two techniques. At these
concentrations, the partial pressures of TFMSA would be expected
to be very low. Therefore the experimental data appears to verify
the predicted analytical values for water partial pressures. At
higher concentrations, the acid partial pressures are becoming
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significant and less correlation was observed between the ana-
lytical and experimental results. This may suggest a greater
degree of certainty for the water partial pressure data than
for the acid partial pressure values.

Overall, the van Laar analysis does appear to give a rea-
sonable first approximation of the vapor pressures of aqueous
TFMSA solutions. It is only approximate as activity coefficients
can be temperature dependent and azeotropic data at 217 0C was
utilized to predict values at much lower temperatures. This tem-
perature dependency can be calculated if heat of mixing data is
available. In the future, more precise data relating to the
vapor pressures of aqueous TFMSA solutions will probably be re-
quired. Both analytical and experimental techniques sihould con-
tinue to be explored.

2.1.2 Identification of Optimum Concentration

During Contract DAAK02-75-C-0045, four different TFMSA con-
centrations (25, 37.5, 50, and 60 vol%) were evaluated. These
solutions correspond approximately to the 3, 4.5, 6, and 7.1
molar concentrations, respectively. In general, the more dilute
electrolytes appeared to give the highest fuel cell performance
levels; however the most stable cells contained the 50 and 60
vol% acid. The most important properties of TFMSA solutions re-
lating to actual fuel cell use are believed to be:

" ionic conductivity
" wettability with PTFE
" acid partial pressure
* water partial pressure

All of the above characteristics are very concentration-depen-
dent. The ideal triflic acid solution would possess a maximum
ionic conductivity, a minimum acid partial pressure, and have
no wetting tendency with PTFE. This might suggest that the
very dilute solutions would be preferable. However at low acid
concentrations, the high water partial pressures would make fuel
cell water management difficult. A trade off between the op-
timum electrolyte characteristics would probably be necessary.

Recently American University completed an extensive study
of the properties of TFMSA relating to fuel cell use.15 This
proved useful in selecting triflic acid concentrations to be
evaluated under this program. In Figure 5, ionic conductivi-
ties of various TFMSA solutions are shown as a function of tem-
perature and concentration. Since the American University data
at 400C gave the same profile as the ERC data at 250C, conduc-
tivity values were also estimated at higher temperatures. Es-
timation of the profile at 800C was aided by the fact that the
maximum conductivity has been reported to be 0.81 (ohm-cm)-'.'5
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American University also conducted a study to quantita-
tively determine the wetting tendencies of TFMSA solutions with
PTFE. The extent of wetting is measured by the contact angle
between the liquid and solid: a contact angle of 900C is con-
sidered to be nonwetting while 00 indicates total wetting. In
Figure 6, the contact angles of various TFMSA solutions with
PTFE are shown as a function of electrolyte concentration. The
tendency for a fuel cell electrode to flood is generally en-
hanced with the more concentrated TFMSA solutions. This ob-
servation correlates well with the contact angle measurements.

Partial vapor pressures for both acid and water could be
calculated utilizing the activity coefficients determined by
the van Laar method. The acid partial pressure would be im-
portant as it relates to the amount of acid loss experienced
by a cell during continual operation. Acid loss would increase
as the acid concentration increases. Table 2 summarizes the
partial pressures of each component as well as the ionic con-
ductivities and contact angles for each of the TF14SA solutions
under consideration. The properties are presented at 600 C, an
operational goal selected for this program. Undoubtedly the
optimum electrolyte concentration will be influenced to some
degree by cell temperature. Concentration of the acid would
naturally occur as the cell temperature is increased. A tem-
perature of 600C was selected because some investigators have
indicated that acid decomposition begins to occur at this point.1 0

The stoichiometric air flow rate necessary to maintain a
constant acid concentration within an operating fuel cell is
presented in Table 2 for each of the proposed TFMSA solutions.
These values were calculated by making an appropriate material
balance of the cell products and reactants during operation.
It was assumed that a constant acid concentration would be
maintained if all water produced within the cell was removed
by the air stream through the cell. This would require that
the average of the water partial pressures within the inlet
and outlet air streams equal the water partial pressure of the
original electrolyte. Since the inlet water partial pressure
is generally known (=20 mm Hg for saturated air at ambient tem-
perature), the outlet water partial pressure can be determined.
Thus at the cell outlet, the following relationship is valid.

PH 20 - moles H 20 (enter) + moles H20 (produced)

760-PH20 moles air (enter) - moles 02 (consumed)

The required air flow rate could therefore be calculated.
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TABLE 2

PROPERTIES OF TFMSA-WATER SOLUTIONS AT 600C

MOLAR CONCENTRATIONS

PROPERTIES 3 4.5 6 7.1

Solution,
vol% 25 37.5 50 60

TFMSA,
wt% 36.1 50.4 62.9 71.8

TFMSA,
Mole
Fraction 0.063 0.109 0.169 0.234

Conductivity
(ohm-cm)-1  0.70 0.63 0.40 0.23

Contact
Angle
on PTFE, °  98 91 83 78

Partial
Pressure
TFMSA,
mm Hg 0.000016 0.00017 0.0018 0.0132

Partial
Pressure
Water,
mm Hg 127 102.6 70.3 42.8

Stoichiometric
Air Flow Rate
Required 1.2 1.5 2.5 4.6
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As shown in Table 2, the 3 M and 4.5 M triflic acid solu-
tions did offer some attractive advantages: high conductivites,
high contact angles with PTFE, and low acid partial pressures.
The 3 M solution is, in fact, the composition with the
maximum ionic conductivity. The low air flow rates required to
maintain water balance, however, would tend to make fuel cell
operation problematic. The fuel cell would become air starved
and severe polarization losses would occur due to low average
oxygen partial pressures. The 6 M TFMSA electrolyte, therefore,
appears to be the approximate optimum concentration for use at
600C. (The dilute concentrations would be attractive at lower
temperatures.)

2.2 EXPERIMENTAL PROCEDURES

2.2.1 Electrode Fabrication

The fuel cell electrodes prepared for this program consist
of a catalyst layer mounted on an electrode substrate. Fabrica-
tion techniques have generally been identical to those previously
developed for phosphoric acid fuel cell electrodes. The cata-
lyst layer, consisting of the electrocatalyst and a binder,
could be prepared utilizing two completely different techniques.
One method involves use of a machine calendering mill in which
a thin, discrete catalyst layer with excellent structural inte-
grity is formed by essentially a rolling operation. The second
method, described as a sheet mold process, involves depositing
the electrocatalyst-binder mixture directly on the electrode sub-
strate. Differences in performance of electrodes prepared by the
two techniques have previously been shown to be insignificant
when tested in phosphoric acid fuel cells. During this program,
the method of preparation did have some bearing on the subsequent
electrode performance.

Electrodes produced by either the rolling or sheet mold
process are then subsequently sintered at 350 0C. The sin-
tering operation gives a hydrophobic nature to the catalyst
layer to prevent flooding and to insure ready gaseous react-
ant access to the electrocatalyst.

Three different electrocatalysts were selected for evalud-
tion during this study: Pt black, Pt on carbon black, and Pt
on Kocite. Emphasis was initially placed on Pt black type
electrodes since the supported catalyst type had previously
proven to be difficult to operate. These difficulties were
attributed to an inability to effectively wet the electrocat-
alyst with the TFMSA electrolyte. All Pt black electrodes
were prepared by the rolling process and contained 2 to 4 mg/cm 2

of Pt. Later in the program, Pt on Kocite and Pt on carbon
electrodes were effectively utilized. These electrodes generally
contained 0.50 to 0.60 mg/cm2 Pt.
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2.2.2 Small Single Cell Assembly and Testing

A systematic determination of the kinetic parameters af-
fecting TFMSA fuel cells was not conducted during this program.
Therefore no attempt was made to evaluate electrodes in half
cell test apparatus. All efforts were directed at developing
a practical triflic acid fuel cell using real fuel cell com-
ponents at conditions which simulate a real fuel cell environ-
ment. All testing was performed within model subscale size
full cells utilizing pure hydrogen as the fuel and either air
or oxygen as the oxidant. Test electrode size was standard-
ized at 25 cm2 throughout this phase of the program.

Cell assembly techniques and test procedures were similar
to those currently utilized for phosphoric acid fuel cells.
Cell components (such as matrices and test plates) were also
identical to those optimized for use with phosphoric acid with
one major exception. At the low temperatures of interest under
this program, a glass fiber matrix could be effectively utilized.

All cells were constructed within molded graphite hardware.
The graphite plates were a composite structure of a commercially
available graphite and a phenolic type resin. The anode plate
also contained a' reservoir for periodic electrolyte addition.
The reservoir was in intimate contact with the cell matrix which
extended beyond the periphery of the cell electrodes. During
previous aqueous TFMSA programs, some difficulties were experi-
enced in adequately sealing the reservoir area, as the electro-
lyte tended to readily leak from the cell. An 0-ring sealing
technique was successfully employed to overcome this problem.
During this problem adequate sealing was provided through use
of PTFE gaskets.

Glass fiber and silicon carbide were extensively utilized
as cell matrix materials during this study. The glass fiber
matrix is a commercially available filter paper (Reeve Angel
934AH). Although its bubble pressure is relatively low, gas
reactant crossover was generally not a major problem and thus
consistent cell builds could be made. The glass fiber paper
was highly porous and was readily compressed during cell as-
sembly. The silicon carbide matrix was a composite structure
consisting of a particulate SiC and PTFE binder.
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The cell assembly procedure consisted of initially satu-
rating the cell matrix with electrolyte and compressing it be-
tween the two dry electrode structures. Partial filling of the
electrodes occurred during the assembly process and further wet-
ting also occurred during cell operation. Some electrodes proved
to be difficult to wet. At times, electrode wetting could be
enhanced by electrode pre-polarization and cell reversal pro-
cedures. Operation at 600C also appeared to aid the wetting
characteristics of the electrocatalysts contained within the
electrode structures. All cells constructed during this pro-
gram have contained identical electrodes, tested as both anode
and cathode. As in the case of most acid fuel cells, cell per-
formance was normally cathode limited. An abnormally dry anode
could at times influence overall cell performance. This gen-
erally occurred shortly after cell assembly and could be al-
leviated by switching the reactant gas flows to the individual
electrodes.

FC-24 produced by the 3M Company was utilized exclusively
as the triflic acid evaluated for fuel cell use. No attempt
was made to purify the as-received acid; it was simply added
to water to produce the desired final concentration. Consider-
able heat was evolved during the mixing process and a volume
loss of about 5% was generally observed. Periodically the re-
sulting solution had a slight yellowish tint but it could not
be determined whether this discoloration had any detrimental
effect on subsequent fuel cell performance.

Actual fuel cell testing normally consisted of passing pure
hydrogen to the anode and air to the cathode. Performance data
on oxygen was also obtained to serve as a diagnostic aid. The
difference between air and oxygen performance (02 gain) is a
measure of the diffusional losses existing within a fuel cell
electrode. The air flow rate to operating cells was generally
controlled to maintain a constant acid concentration. The
hydrogen flow was held at a minimum purge rate to eliminate
the possibility of significant water rejection occurring at
the anode.

2.2.3 Stack Assembly and Testing

The assembly techniques and operational procedures for use
with TFMSA stacks were similar to those developed for phosphoric
acid stacks. ' 2 Under these ERC programs improved assembly pro-
cedures have been implemented into large stack configurations.
Fortunately all of the major fuel cell components developed for
phosphoric acid stacks appear to be compatible with TFMSA elec-
trolytes. Some of the components evaluated during the small,
single cell phase of this program were not considered for use
within the larger multicell units. For instance Pt black elec-
trodes were not considered as they are no longer mass-produced
at ERC. In addition the glass fiber matrix was judged to have
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poor structural integrity, possibly making it susceptible to
damage during the assembly procedure. Throughout this phase,
an attempt was made to be consistent with components currently
employed with similar phosphoric acid stacks.

The bipolar plate is a key component in any acid fuel cell
stack. It serves several functions: current collection, gas
distribution, and gaseous reactant separation from one cell to
another. The bipolar plates for TFMSA stacks were compression
molded. Several gas distribution configurations for bipolar
plates have been tested at ERC. The AB design was selected for
evaluation under this program. A Type A design plate contains
straight line grooves perpendicular to the direction of gas
flow and an enclosed electrolyte reservoir groove (anode side
only). A Type B plate is marked by the presence of staggered
grooves perpendicular to the direction of gas flow. An AB
plate is therefore a hybrid design consisting of an A side for
the flow of hydrogen and a B side for the flow of air. This
configuration is shown in Figure 7.

All electrodes tested within these stack configurations
were prepared from supported type catalysts. Both Pt on carbon
black and Pt on Kocite were evaluated. The nominal loading for
both anodes and cathodes was 0.50 mg/cm 2 of Pt. The SiC mratrix
was normally supported on the cell cathodes. A proprietary
matrix, designated Mat-l, was utilized in several of the experi-
mental stacks.

The stack assembly procedures initially consisted of posi-
tioning each electrode within the plate recess. Small amounts
of Viton cement were utilized to hold the electrodes in place.
Since electrode and matrix thickness did vary to some degree,
PTFE shims, attached to the plates, were utilized to stan-
dardize electrode compression. Wet assembly techniques were
utilized exclusively for all TFMSA stacks. Thus no attempt was
made to wick fill the various cell components after a dry assembly.
Between 12 and 25 ml of 6 M TFMSA, depending on the cell matrix,
was added to the components of each cell. Additional electrolyte
could also be supplied through the electrode reservoir within
the anode plate.

Gold-plated copper sheets served as stack current collectors.
These were placed between the end graphite plates and the outside
support plates. The support plates were 1 in. thick aluminum
with an attached 0.25 in. thick fiberglass-epoxy composite material
which served as an insulator. Stack compression was maintained by
hardened steel compression bars. A phenolic material and Viton
rubber gaskets were utilized as the gas manifolds. A photograph of
a TFMSA stack appears as Figure 8. Both 2 and 3-cell stacks were
assembled and tested. The active area of each cell was 'v350 cm 2.
Stacks were normally endurance tested at 100 mA/cm 2 on pure hydro-
gen and air at 600 C. The inlet air was normally saturated at am-
bient temperature.
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AIR SIDE -"B" DESIGN

FIGURE 7

TYPE AB BIPOLAR PLATE DESIGN
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2.3 RESULTS AND DISCUSSION

2.3.1 Small, Single Cell Evaluation

The major objective of this program has been to demonstrate
that aqueous TF?1SA fuel cells can be operated stably for long
periods both at ambient and elevated temperatures. The demon-
stration of high cell performance with low loaded supported cata-
lyst type electrodes was also given priority. The specific goals
have included a minimum hydrogen-air performance level of 650 mV
at 100 mA/cm 2 and a cell endurance capability of at least 2500
hours. Generally the minimum performance goal posed no major
difficulties even during the initial contract stages. Many cells,
especially those with high loaded Pt black electrodes, easily
surpassed the contract requirements. However the endurance goal
presented a more formidable challenge.

Approximately 100 subscale TFMSA fuel cells were assembled
and tested. Initial emphasis was placed on obtaining maximum
performance levels. Although many of the initial cells exhib-
ited high potentials, a few cells had extremely low load
carrying capabilities. These cells were marked by the pre-
sence of low open circuit voltages which implied that little
electrolyte had penetrated into the electrode structures.

The most reproducible test results were obtained with Pt
black electrodes. Acceptable performance levels generally
could be attained within 24 hours after initial startup even
at ambient temperature. A typical performance curve for 2
mg/cm 2 loaded Pt black electrodes with 611 TFMSA as the elec-
trolyte at room temperature is shown in Figure 9. Although
the performance was acceptable by acid fuel cell standards,
the cells generally showed very erratic behavior. Cell insta-
bility was accentuated when attempts were made to continually
operate cells at current densities as high as 200 mA/cm 2 .
Also evident was the fact that for many cells, the oxygen gain
increased significantly as a function of current density.
This suggested that electrode flooding was prevalent. When
flooding became apparent, the cells were air sensitive and at
times could be unflooded by merely increasing the air flow
rate. The air flow was generally maintained at about the 7 to
10 stoichiometric rate (or 7 to 10 stoich) although periodically
it was adjusted in an attempt to stabilize cell performance.
It became obvious after operating a number of similar type cells
that water production within the cell was creating significant
electrolyte changes; these, in turn, orobably caused the appar-
ent electrode flooding tendency.
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A large batch of identical Pt black type electrodes was
prepared in order to conduct a systematic evaluation of the
water balance problems within TFMSA cells. Since Pt black
electrodes are no lonqer utilized in phosphoric acid fuel
cells at ERC, the electrodes were prepared with twice the
normal Pt loading. However these electrodes did result in
consistent initial performance levels in acqueous TFMSA fuel
cells. Two of every three TFMSA cells assembled gave cell ter-
minal voltages estimated to be at least 50 mV higher than for
similarly loaded electrodes operating with n100% H3 PO4 at 1800C.
These 4 mg/cm 2 loaded Pt black electrodes were also selected for
evaluation at elevated temperature. As shown in Figure 10, a
cell terminal voltage of 760 mV at 200 mA/cm 2 was obtained on
pure hydrogen and air at 600C. A typical internal resistance
for these cells was 6 mQ which resulted in an IR loss of only 15
mV per 100 mA/cm 2 . At 200 mA/cm 2 the cathode potential was
therefore at least 790 mV. The internal resistance of the triflic
acid cells at 600C was generally lower than that experienced with
phosphoric acid cells. A typical value of 10 to 12 m2 is normally
obtained for cells with -100% H3 PO4 at 180 0 C. The lower resis-
tance of the triflic acid cells (compared to phosphoric acid
cells) was probably due to the thin and porous nature of the glass
fiber matrix utilized rather than to any improved electrolyte con-
ductivity.

In Figure 11, the IR-free data for the 4 mg/cm 2 Pt black
electrodes is plotted on semilog graph paper. As shown, the
Tafel slope for the oxygen performance was approximately 70 mV
per decade. This experimentally obtained Tafel slope approximates
the 66 mV per decade value predicted by theory if the Tafel slope
is equivalent to 2.303 RT/F. A 70 mV Tafel slope on oxygen was
not obtained for every cell. A slope between 80 and 90 mV per
decade appeared to be more typical. In some cases, two distinct
slopes were observable. This generally occurred when severe
electrode flooding due to inadequate cell water balance was sus-
pected.

The data presented in Figures 10 and 11 is considered to be
equilibrium cell performance in which the potentials were main-
tained at least for a period of 24 hours. In many cases, the
performance could be temporarily increased by prepolarizing the
cell cathode. This treatment has been described previously in
conjunction with phosphoric acid cathodes.11 Performance gains by
prepolarization were significantly greater in TFMSA cells than
are normally obtained with phosphoric acid fuel cells. At times

Page No. 27



0103F

OtA rVMA. 0 C

25% 
0 2 UTILIZATION

1, toAIR: 
10% HUMIDITY

1.00

-0.90

- 0.80

0 
0 OXYGEN

>A AIR

D.7 tODE AND c fA O O Er-pt LACK

I-at 
mglcl'

2  Pt.

-J0.60

4, GLASS p:IBER MATRIX

40 CURRENT DENSITY. o/MDC94

FIGUREI 3..pt 
BLACK ELECTRODES

WITH 4 Ing/c~

P~eNo.



0103F

1.00- Pt BLACK 4 mng/cm 2

SM TFMSA. 60 0C

25% 02 UTILIZATION

(J.90

w
w

0 0 OXYGEN
S0.80-

-~ A AIR
0

0.701 
A20 40 s0 80 100 200 400 600 800 1000

CURRENT DENSITY. mA/cm2  D0996

FIGURE 11. TAFEL PLOT OF 4 mg/cm 2 Pt BLACK ELECTRODE

Page No. 29



0103F

ENERGY RESEARCH CORPORATION

it was possible to momentarily increase TFMSA cell performance
by 50 to 70 mV following a cathode prepolarization treatment.
TFMSA cells with 4 mg/cm 2 loaded Pt black electrodes were
actually observed to operate in excess of 800 mV (cell terminal
at 200 mA/cm2 on hydrogen and air) for short durations. The
cathode prepolarization treatment was simply performed by shut-
down of the air supply to an operating cell under load. This
would exhaust the oxygen within the cell and drive the cathode
potential toward the anode potential.

Initial endurance testing of triflic acid fuel cells at
600C did involve a trial and error approach to the water balance
problem existing within continually operating cells. Water
balance control was emphasized at the elevated temperature
rather than at ambient temperature. It was rationalized that
600C would more closely simulate actual operating conditions
existing within any projected TFMSA fuel cell system. Any
practical system involving multi-cell units would produce sig-
nificant heat, automatically setting higher cell operating tem-
peratures. One cell at 600C did show reasonable stability for
a period of several weeks with an air flow equivalent to about
4 stoich. As shown in Figure 12, eventual cell decay occurred
which appeared to be mainly related to electrode flooding. The
flooding was evident by the large increase in oxygen gains with
time. It was not then clear whether the flooding tendency was
created by electrolyte dilution or electrolyte concentration.
During operation, electrolyte was replenished to the cell on a
reqular basis since acid loss was suspected to be a major pro-
blem at 600C.

It became obvious after operating numerous, unstable 6 M
TFMSA cells at 600C that additional data pertaining to the par-
tial pressures of TFMSA-water solutions would be required to
make significant advances in TFMSA fuel cell technology. At this
time, the van Laar analysis, as presented previously, was con-
ducted. The initial van Laar calculations predicted that the
partial pressures for water and TFMSA would be 67 mm Hg and 0.0014
mm Hg, respectively, for the 6M TFMSA solution at 600C. This
value for the partial pressure of water allowed calculation of an
air flow rate to operating cells which would maintain the average
acid concentration within the cell at 6M. If the entering air
was at ambient temperature and had a relative humidity of 10%, a
flow equivalent to 2.2 stoich would be necessary. If the inlet
ambient temperature air was saturated, the air flow could be in-
creased to about 3 stoich. Attempts to operate cells for extended
periods with the dry inlet air were unsuccessful. As shown in
Figure 13, significant cell decay occurred after 300 hours of
operation presumably due to electrode flooding. Later it was con-
cluded that the dry air would have a tendency to remove water
from the electrolyte near the inlet air portion of the cell.
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This localized concentration of the acid would have an adverse
effect on the wetting of PTFE by the electrolyte.

Use of humidified entering air appeared to improve the
subsequent stability of 6M TFMSA cells operating at 600 C. A
2100 hour endurance plot for Pt black electrodes is presented
in Figure 14. As shown, reasonable stability was maintained
for a period of 1600 hours when operating continually at
200 mA/cm 2 on hydrogen and air. After that time, significant
decay was evident due to both crossover and electrode flooding.
The electrode flooding; was probably caused by loss of water
balance within the cell. The loss of water balance may have
been due to improper control of cell operational parameters.

A slight modification was made within the original van
Laar analysis during the course of this study. An extrapolated
value of 19000 mm Hg had been utilized initially for the vapor
pressure of water at 217 0C. This was corrected to 16420 mm hg
when a literature value was found. Recalculation of the partial
pressures at 600 C indicated that values of 70.3 mm Hg and 0.0018
mm Hg would be more accurate for water and TFMSA, respectively.
This modification essentially lowered the predicted optimum air
flow from about 3 to 2.5 stoich. Since the van Laar analysis
is probably not absolutely precise, changes were not performed
in the air flow rates of existing cells on endurance test.

After improvements were made regarding the water manage-
ment problem, subsequent emphasis was placed on the evaluation
of supported catalyst type electrodes in triflic acid fuel cells.
The Pt on carbon black type electrodes currently utilized in
phosphoric acid fuel cells continued to pose difficulties in
Ti'MSA fuel cells. Very inconsistent test results were generally
obtained with the Pt on carbon black catalyst especially during
the first half of this contract. Since alternate supported
catalysts (such as Pt on Kocite) were made available for this
program, a significant influence of catalyst on cell performance
was observed. Pt on Kocite is a proprietary electrocatalyst of
UOP Inc. and its optimization for use in phosphoric acid fuel
cells was performed during Contract No. DAAG53-76-C-0014, a joint
UOP-ERC effort. One batch of Pt on Kocite, designated 3648-115,
gave reasonably reproducible performance levels in TFMSA fuel
cells. A polarization curve for an electrode structure prepared
from 3648-115 Kocite electrocatalyst containing 0.64 mg/cm 2 Pt
is presented in Figure 15. This identical electrode had been
evaluated with phosphoric acid electrolytes during Contract No.
DAAG53-76-C-0014."8 In Figure 16, a comparison is made between
the hydrogen-air performance of the same electrode in 6in TFMSA
and 101.6% H3P04. The cells differed only with respect to oper-
ating temperature and the cell matrix. (A Kynol matrix was uti-
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lized within the phosphoric acid cell.) As shown, the air
performance of the triflic acid cell at 200 mA/cm 2 was 50 mV
higher than for the phosphoric acid cell. Twenty mV of this
difference was attributed to a lower cell resistance. The
lower cell resistance was probably due to the thin nature of
the glass fiber matrix utilized in the triflic acid cell.
In Figure 17, a 2300 hour endurance history of Pt on Kocite
electrodes with 6M TFMSA electrolyte is presented. Reasonable
cell stability was maintained for a period in excess of 2000
hours. Eventual cell failure appeared to be related to elec-
trode flooding.

Pt on carbon black catalysts were successfully employed
in TFMSA fuel cells when the sheet mold electrode fabrication
technique was substituted in place of the calendering process.
As shown in Figure 18, performance levels equivalent to simi-
larly loaded Pt on Kocite electrodes could be obtained. The
reason for the improved results with the sheet molded elec-
trodes over the rolled electrodes with the Pt on carbon black
catalyst is not precisely known. A cell with the Pt on carbon
black type electrodes was successfully operated for approxi-
mately 3900 hours. The endurance plot (Figure 19) indicates
that acceptable stability was maintained for at least 3000
hours. Significant performance loss was related to matrix de-
gradation, as evidence by severe gas crossover and some elec-
trode flooding.

Although the glass fiber matrix had been successfully oper-
ated for long periods in TFMSA cells, it was recognized that its
reliability was in question. Silicon carbide, because of its
inertness in acid solutions did appear to be a more promising
matrix material. Initial attempts to duplicate the high perfor-
mance levels of the glass fiber matrix cells generally were un-
successful with the SiC cells. Cell resistances appeared to be
about double that for similar cells with the glass fiber. Later
in the program, the high resistance problems were eliminated.
In addition, improved cell assembly procedures were utilized in
which more compression was applied to the cell components. As
shown in Figure 20, acceptable cells could be assembled with the
SiC matrix.

A systematic study of the effects of temperature on cell
performance was not performed. However some testing was con-
ducted at temperatures in excess of 600C. The primary purpose
of the higher temperature operation was to determine whether acid
decomposition could occur. Also it would probably be necessary
to raise cell temperatures in the future to impart carbon monoxide
tolerance to low loaded anodes in TFMSA cells. Operation at tem-
peratures higher than 600C would have a natural tendency to fur-
ther concentrate the 6M solution. To prevent this occurrence,
more water was initially added to the inlet air stream of the fuel
cell. For instance at 900C, an appropriate water balance indi-
cated that a 3 stoich air flow rate could be supplied to the
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cell if the inlet air was presaturated at a temperature of 680 C.
The performance characteristics of a 6M TFMSA cell operating at
900C is presented in Figure 21. As shown, only slight perfor-
mance increases were evident over similar cells operating at
600 C. This is consistent with the observations of others, that
the activation energy for the air reduction reaction in triflic
acid is relatively low and only small gains are incurred by in-
creasing cell temperature)5 At 900C, cell stability was accep-
table and there was no evidence of any acid decomposition.
There was also no indication of the presence of H2S which is a
decomposition product of sulfuric acid electrolytes at this
temperature.

It must be pointed out that during endurance testing of
TFMSA cells, cell performance fluctuated to a greater degree
than is normally experienced with phosphoric acid fuel cells.
These fluctuations were probably caused by some temperature
cycling during operation, as the cells were not thermostated.
Slight acid loss during operation may also have been a factor.
Electrolyte replenishment was generally performed at least on a
twice a week basis. During this program, all cells appeared to
be cathode limited, as is the case with most acid fuel cells.
Severe anode polarization effects could be induced if the en-
tering hydrogen contained significant amounts of carbon mon-
oxide. Attempts to operate cells with a fuel containing 1% CO
resulted in immediate and severe losses of about 250 mV in the
cell terminal voltage. Initial cell performance could be re-
stored when pure hydrogen was again supplied.

2.3.2 Stack Evaluation

A total of seven experimental stacks with 6!M TFMSA as the
electrolyte were assembled and tested. Both two and three cell
stacks were evaluated. A summary of the fuel cell components
utilized in each of the multicell units is presented in Table 3.

The initial stack assembled consisted of sheet molded Pt
on carbon black electrodes with nominal loadings of about 0.50
mg/cm 2 of Pt. A 0.008 in. silicon carbi.e layer was utilized
as the matrix. Each cell was assembled wet (approximately 12
ml of 6M triflic acid was added). Preliminary calculations
suggested that this amount of electrolyte should be sufficient
to fill the matrix and electrode structures. In rough terms,
the acid was expected to equally distribute between the anode,
cathode, and matrix. Initial attempts to operate this three-
cell stack were unsuccessful as the stack had little load
carrying capabilities. In addition, the open circuit voltages
for each cell were less than 0.70V which suggested that cross-
over was prevalent. Additional electrolyte was added to the
cell reservoir to fill the apparently dry cell components.
This was also unsuccessful as the electrolyte readily leaked
from the reservoir. No meaningful data was obtained from this
stack.
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TABLE 3

TFMSA STACK COMPONENTS

NUMBER ELECTRODES
STACK OF

NUMBER CELLS ANODES CATHODES MATRIX

1 3 10% Pt/Carbon Sheet 10% Pt/Carbon Sheet
Mold 0.40 mg/cm2 Pt Mold 0.50 mg/cm 2 Pt SiC

2 2 10% Pt/Carbon Sheet 10% Pt/Carbon Sheet
Mold 0.25 mg/cm 2 Pt Mold 0.50 mg/cm 2 Pt SiC

3 2 15% Pt/Kocite Rolled 15% Pt/Kocite Rolled
0.55 mg/cm2 Pt 0.55 mg/cm 2 Pt Mat-i

4 2 5% Pt/Kocite Rolled 5% Pt/Kocite Rolled
0.25 mg/cm2 Pt 0.25 mg/cm 2 Pt Mat-i

5 2 10% Pt/Carbon Sheet 10% Pt/Carbon Sheet
Mold 0.50 mg/cm 2 Pt Mold 0.55 mg/cm2 Pt Mat-i

6 2 10% Pt/Carbon Rolled 10% Pt/Carbon Rolled
0.55 mg/cm2 Pt 0.55 mg/cm 2 Pt Mat-1

7 2 10% Pt/Kocite Rolled 10% Pt/Kocite Rolled
0.45 mg/cm 2 Pt 0.55 mg/cm 2 Pt Mat-1
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A second stack was assembled with similar components.
However the number of cells was reduced from three to two. It
was rationalized that if heat buildup problems did occur during
continual operation, the middle cell of a three cell stack could
be at higher temperatures than the two end cells. Stack No. 2
was assembled with about 16 ml of acid/cell. With the additional
acid, the open circuit voltages of the cells (0.85V) approached
acceptable values. In addition, cell terminal voltages of about
0.50V/cell at 100 mA/cm 2 and %600C could be sustained for about
90 minutes. During operation, the air flow was maintained at
about the three stoichiometric rate. This relatively low flow
was insufficient to maintain a constant temperature and the cells
gradually got hotter. Efforts to improve performance by adding
additional acid were not successful. Upon cell teardown the cell
components appeared to be relatively dry.

Several major changes were incorporated in Stack No. 3.
Pt on Kocite electrodes with 0.55 mg/cm 2 Pt loadings were
utilized. In addition, a proprietary matrix designated Mat-l
was used for the first time. The Mat-i matrix has a higher
bubble pressure than the SiC matrix and also exhibits better
acid retention characteristics. Since the Mat-i matrix is re-
latively porous, additional electrolyte was initially supplied
to this stack. A polarization curve for this stack shortly
after startup at 600C is presented in Figure 22. The cell ter-
minal voltages for each cell averaged 675 mV and 580 mV at 100
mA/cm 2 and 200 mA/cm 2 , respectively, on hydrogen and air. At
the time, these performance levels were higher than for similarly
loaded phosphoric acid stacks operating at 180 0 C at ERC. This
stack was endurance tested at 100 mA/cm 2 for durations of about
3 hours daily over a period of several days. The stack was shut
down when the average cell temperature reached %650C. Some por-
tions of the stack reached temperatures as high as 750C. After
several days in this testing mode, significant cell decay was
evident. The cells became air sensitive which suggested that
electrode flooding was prevalent. The loss of cell water balance
(concentration of the electrolyte) was the suspected decay mecha-
nism. Attempts to restore initial performance levels by electo-
lyte addition were unsuccessful. The use of the Mat-i matrix in
this stack did result in some net improvements. High initial per-
formance levels were demonstrated and electrolyte leakage from the
reservoir area (prevalent with the SiC cells) was considerably re-
duced.
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Stack No. 4 was assembled with components similar to Stack
No. 3. Due to a lack of sufficient 15% Pt on Kocite electro-
catalysts, a 5% Pt on Kocite batch was utilized in fabricating
the electrodes. There was a corresponding decrease in nominal
electrode loading from 0.50 to 0.25 mg/cm of Pt. Initial per-
formance levels at 60 0 C were acceptable for this stack, as
cell terminal voltages at 100 mA/cm 2 were 640 mV/cell. Correcting
for the effect of Pt loading, the performance is equivalent to
that of Stack No. 3. An attempt was made to operate this stack
at 72 0 C. The inlet air was pre-saturated at about 40 0 C to pre-
vent acid concentration. Severe decay occurred at 72 0 C but the
cells did ncc appear to be air flow sensitive which is indicative
of electrode fl6oaing.

Sheet molded Pt on carbon black electrodes were utilized in
Stack No. 5. The maximum performance level demonstrated for this
stack was only 590 mV/cell at 100 mA/cm 2. Although sufficient
acid was initially added to the cells during assembly, the elec-
trodes proved difficult to wet. Apparently much of the electro-
lyte was squeezed during compression of the stack. In addition,
the sheet mold electrodes were not as uniform in tnickness as the
rolled electrodes. This made it difficult to replenish electro-
lyte, as the acid readily leaked from the reservoir.

Electrodes for Stack No. 6 were prepared from a modified
catalyst formulation. In this case, the carbon black support was
initially impregnated with a platinum diammino dinitrite salt.
Subsequently the catalyst was thermally decomposed in air at 230 0 C
to convert the salt to noble metal. This catalyst, when prepared
into rolled electrode structures, had given satisfactory perfor-
mance levels in small 25 cm 2 cells with 6M TFMSA. It was specu-
lated that these experimental electrodes would be more easily
wetted with the triflic acid electrolyte when assembled into stack
configurations. Peak perforrance levels for electrodes of this
type were about 600 mV/cell at 100 mA/cm 2 on air. This technical
approach was subsequently terminated.

Stack No. 7, containing heat-treated plates, was also as-
sembled with Pt on Kocite type electrodes and Mat-I type matrices.
Initial performance levels for both cells within the stack were
acceptable. As shown in Figure 23, average cell voltages of 670
and 590 mV were obtained at 100 and 200 mA/cm 2 , respectively.
Endurance testing of this stack was not possible as the perfor-
mance of one cell became very erratic. Crushing of the electrode
backing paper due to overcompression was diagnosed to be the cause
of cell decay.
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3.0 CONCLUSIONS

Aqueous solutions in which the mole fraction of TFISA is
less than 0.20 have been shown to be effective electrelytes
for use in low temperature fuel cells. Use of dilute solutions
of triflic acid results in improved kinetics for the air reduc-
tion reaction when compared with more conventional electrolytes
such as concentrated phosphoric acid. When tested in actual sub-
scale size TFMSA fuel cells, various electrode structures exhi-
bited performance increases at least 50 mV higher than similarly
loaded electrodes operating in phosphoric acid at much higher
temperatures. A variety of electrocatalysts (such as unsupported
Pt and Pt supported on carbon and Kocite) were successfully em-
ployed in aqueous TFMSA fuel cells.

Aqueous TFMSA cells could be operated stably at temperatures
up to 600 C if the initial acid concentration was maintained. Ef-
fective water management during long-term testing was the most
important factor relating to cell stability. Cells were tested
for up to 3900 hours and a moderate stability was sustained for
3000 hours. The van Laar equations appeared to give a reasonable
approximation of the activity coefficients of both TFMSA and
water as a function of the solution composition.

The partial pressures of water calculated by the va': Laar
analysis were utilized to maintain cell water balance. The analyses
also predicted that acid loss from operating cells at 600C with di-
lute triflic acid electrolyte would not be a major problem. The
6M TFMSA solution appears to be roughly an optimum concentration at
600C if the entering air to the fuel cell is at ambient temperature.
Cell stability was improved when the entering air was humidified.
Cell operation with the 6M electrolyte was also pcssible at 900 C if
the inlet air was pre-saturated at elevated temperatures. At the
temperatures evaluated during this program, there was no evidence
of any acid decomposition. The cells were cathode controlled, as
no major anode decay mechanisms could be identified when operating
with pure hydrogen.

Initial evaluation of TFASA electrolytes within stack configu-
rations was encouraging as acceptable initial performance levels
were achieved. Demonstration of long-term stability in stacks was
hampered by the necessity of maintaining both cell water balance
and temperature control by means of the process air alone.
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4.0 RECOMMENDATIONS FOR FUTURE WORK

In the future, four main areas involving TFMSA fuel cells

should be emphasized:

* liquid-vapor equilibria of TFMSA-water solutions

* improved cathode catalysts and electrodes

* effects of carbon monoxide concentration

* TFMSA stack development

More precise data relating to the partial pressures of
water and TFMSA as a function of composition and temperature
should be sought. Both analytical and experimental techniques
should continue to be evaluated. Knowledge of these properties
of aqueous TFMSA solutions will be necessary for stable fuel
cell operation, especially at temperatures in excess of 60 0 C.

Although high cathode potentials have been demonstrated in
aqueous TFMSA cells, the electrode structures are probably not
totally optimized in TFMSA electrolyte. Cathodes do exhibit
higher than normal diffusional losses even during periods of ap-
parent stable operation. This would suggest that alternate de-
grees of electrode wetproofing should be attempted. Use of gra-
phitized support materials and alloy type electrocatalysts cur-
rently being evaluated in phosphoric acid cells may also enhance
long-term stability.

It will be necessary to determine quantitatively the rela-
tionship between fuel CO content and anode polarization as a
function of temperature. Alternate anode catalysts may be required
in order to tolerate significant amounts of CO. Noble metal alloys
of Pt and either Ru or Rh may be less susceptible to poisoning and
should be tested.

TFMSA stack development is complicated by the necessity of
maintaining both cell water and heat balance. The use of process
air alone to remove excess water and heat is probably impractical
within stack configurations. The DIGAS concept, in which a portion
of the cell cooling air does not contact the electrolyte, may be a
solution to this problem.
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